Since the first experimental demonstration of a Photonic Crystal Fiber (PCF) in 1996 by Knight et d.', the optical properties and the fabrication of such fibers have attracted significant attention. The fiber structure with a lattice of air holes running along the length of the fiber provides a large variety of novel optical properties and improvements compared to standard optical fibers. The stack-and-pull procedure used to manufacture PCFs is a highly flexible method offering a large degree of freedom in the fabrication of PCFs with specific characteristics. A few of the remarkable optical properties of silica based PCFs are described and their applications within sensors are summarized.
guiding fib er^^.^. In an index-guiding PCF the refractive index of the core is higher than the effective refractive index of the cladding and the fiber operates by the principle of total internal reflection. PBG fibers require a lattice of holes with a photonic band gap at the frequency, at which the fiber is intended to transmit light. Due to the different nature of the guiding mechanisms, the two classes of PCFs are treated in individual sections.
Index-miding PCF
A common feature of all index-guiding PCFs is the solid silica core surrounded by a microstructured cladding. Due to-the presence of the air holes the effective refractive index of the cladding is below that of the core and light is guided through the principle of total intemal reflection. Three examples of index guiding PCFs are depicted in Fig. 1 . The optical properties of index-guiding PCFs with a simple lattice of air holes, such as the Large Mode Area (LMA) and the Highly Nonlinear (HNL) fibers seen in Fig. l a and Fig. lb, are primarily determined by the geometry and pitch, A, of the lattice, and the air hole diameter, d. One of the novel properties of PCFs, compared to conventional fibers, is the phenomenon of endlessly single mode guidance5 observed in fibers with air holes arranged in a triangular pattern and d A 5 0.4066.7. This behavior can be explained by considering the normalized frequency, V, used to estimate the number of guided modes in a step index fiber'
Here 1 is the wavelength, a the core radius, ncare the refractive index of the core and the effective refractive index of the cladding, n&d, is calculated from the fundamental space filling mode of the infinite triangular air hole lattice. In conventional fibers, the frequency dependence of ncm is negligible and the number of guided modes grows with decreasing wavelength. In a PCF, the frequency dependence of &lad can be sufficiently strong to counteract the l/h factor, thus keeping V below the threshold for the first higher-order mode in a wide range of wavelengths.
One of the fields, where PCFs in particular has proven their superiority over conventional fibers is within the fabrication of highly non-linear fibers'. The presence of air holes in the cladding introduces a large index step at the core-cladding interface. This large index step provides a strong confinement of the guided mode, thereby, yielding high mode-field ' T.A. Birks et al., "Full 2-D photonic bandgaps in silicalair structures", Electron. Lett., vol. 31, no. 22, pp. 194 1 -1943 Lett., vol. 31, no. 22, pp. 194 1 - , 1995 J.C. Knight et al., "Photonic band gap guidance in optical fibers", Science, vol. 282, no.5393, pp. 1476 Science, vol. 282, no.5393, pp. -1478 Science, vol. 282, no.5393, pp. , 1998 T.A. Birks et al., "Endlessly single-mode photonic crystal fiber", Opt. Lett., vol 22.. no 13, pp. 961-963. 1997. B.T. Kuhlmey, "Modal cutoff in microstructured optical fibers", Opt. Lett., vol. 27, no. 19, pp. 1686 Lett., vol. 27, no. 19, pp. -1688 Lett., vol. 27, no. 19, pp. ,2002 ' N.A. Mortensen et at., "Modal cut-off and the V-parameter in photonic crystal fibers", submitted to Opt. Lett. intensity in the core. Furthermore, the extended freedom in the design of the optical properties of PCFs makes the fabrication of PCFs, with reduced dispersion in a wide wavelength rangelo'" or an anomalous dispersion at visible wavelengths'*; possible. Such fibers can exhibit non-linear effects, which are significantly stronger than what has been reported in conventional fibers, where the chromatic dispersion of the fiber limits the strength or the spectral bandwidth of the non-linear effects. A picture of a PCF optimized with respect to obtaining a high non-linearity is seen in Fig. lb. The holes in an index-guiding fiber does not necessary have to be positioned in a lattice. An example of this is the High Numerical Aperture (High NA) fiber seen in Fig. IC , which only has a single ring of holes. The small width of the silica bridges connecting the core and the outer cladding reduce the effective refractive index of the PCF cladding to a level below 1.3, depending on the thickness of the bridges. The refractive index of the core equals that of pure silica (around 1.45), and this fiber geometry exhibits index steps between core and cladding superior to what can be obtained by doping core and cladding in conventional multimode fibers. Since the numerical aperture depends on this index step, an exceptionally high numerical aperture characterizes this kind of PCF. Fibers with an outer diameter of 125pm exhibiting a NA above 0.7 have been fabricated. '' J.K. Ranka et al., "Visible continuum generation in air-silica microstructure optical fibers with anomalous dispersion at 800nm". Opt. Lett. Vol. 25, no. 1, pp. 25-27, 2000. T. Erdogan "Fiber grating spectra", Jour. of Lightwave Tech., vol. 15, no. 8, pp. 1277 Tech., vol. 15, no. 8, pp. -1295 Tech., vol. 15, no. 8, pp. , 1997 l4 V. Bhathi et al., "Optical fiber long-period grating sensors", Opt. Lett., vol. 21, no. 9, pp. 962-694, 1996. E.Yablonovitch, "Inhibited spontaneous emission in solid-state physics and electronics", Phys. Rei. Lett. vol. 58, no. 20, pp. 2059 Lett. vol. 58, no. 20, pp. -62, 1987 .
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%John, "Strong localization of photons in certain disordered dielectric lattices", Phys. Rev. Lett., vo1.58, 16 no. 23, pp. 2486-89, 1987. et al.', who considered a PCF with the air holes arranged in a triangular lattice. In order to obtain PBG guidance in a PCF fiber, the air-hole lattice is designed to have at least one complete out-of-plane photonic band gap, in which propagation of light in the crystal plane is prohibited. Fig. 2 shows a modal index illustration of the photonic band diagram for a honeycomb PBG fiber with d A = 0.8. The out-of-plane wave vector component, hole size, lattice geometry and refractive index of the background material determine the width and the position of the individual band gaps. A fiber core is defined by introducing a defect that supports modes with frequencies within one of the photonic band gaps. The refractive index of the defect is below that of the surrounding cladding. This is one of the most interesting features of PBG fibers, since it opens up the unique possibility of guiding light in a hollow core.
Two fiber geometries in particular have been investigated in the work reported on PBG fibers. In 1998, Knight et a1.4 presented the first experimental results on PBG guidance in air-silica fibers. They observed PBG guidance with strong band gaps in a PCF with the air holes arranged in a honeycomb lattice. Fibers with this lattice structure exhibit strong bands with relatively small air-filling fractions and are hence more easily fabricated than triangular PBG fibers, which require a large &A ratio in order to show strong bands. Fig.  3a and Fig. 3b shows pictures of fibers with the honeycomb and triangular lattice geometry, respectively. Triangular PBG have the advantage over honeycomb fibers that they more easily can be designed to guide the optical field in a hollow core. Even though the honeycomb fiber seen in Fig. 3a operates by the PBG effect, the majority of the optical field is still guided in the silica surrounding the defect air hole.
The fabrication of PBG fibers has matured to a level, where several companies'9320321 are capable of manufacturing triangular PBG fibers, which guide light with the majority of the optical field confined in the hollow core. Evanescent wave sensine. Modeling of the modes guided through an index-guiding PCF confirms that a significant part of the evanescent field can penetrate into the air holes of a carefully designed fiberz3. The strength of the evanescent field and the long interaction length makes index-guiding PCFs interesting for evanescent wave sensing devices. Hoo et al.% measured the absorption spectrum of acetylene by inserting one end of a 75-centimeter long PCF into a pressure chamber filled with 100% acetylene gas. The fiber was subsequently removed and the absorption spectrum was measured quickly in order to minimize out-diffusion of the gas. The fiber used in this experiment had a relatively weak penetration of the optical field into the air holes, but the long interaction length provided by the PCF efficiently compensated this. Jensen et al. 25 detected the presence of Cy5-labeled DNA in less than 1pL sample volume. A fiber section of 10 centimeters was filled with sample using capillary forces only and the transmission spectrum of the fiber was measured. When the sample contains the labeled DNA, the transmission spectrum shows dips at wavelengths corresponding to the absorption bands of the Cy5 molecule. Fig. 4 shows the absorption spectrum of the Cy5 label molecules derived from the measured transmission spectrum.
Enhanced fluorescense biosensing
A very elegant use of PCFs for sensor applications is the improved detection efficiency within two-photon fluorescence detection compared to conventional single mode fibers by using a double-clad fiberz6. The light used to excite the chromophore is guided in the core defined by a defect in the triangular lattice of the inner cladding. The outer ring of air holes defines a core with a very high numerical aperture, which effectively collects the fluorescence emitted form the exited biomolecules.
Bend sensing In the stack-and-pull method used in the production of PCFs a high-index core can be defined by replacing a tube with a solid rod at the appropriate lattice position. Fabrication of multi-core fibers is hence no more complicated than fabrication of single-core fibers.
T. Monro et al., "Developing holey fibers for evanescent field devices", Electron. Lett., vo1.35, no. 14, Y.L. Hoo et al., "Evanescent-wave gas sensing using microstructure fiber", Opt. Eng., vol41, no 1, pp. 8- Blanchard er al.27 demonstrated two-dimensional bend sensing using a PCF with three weakly interacting single-mode guiding cores. A deformation of the fiber introduces a phase shift between the beams propagating in the different cores. The bend angle is then determined by analyzing the fringes in the resulting far field interference pattem.
Non-linear moperties
The freedom in the design of the optical properties and the strong confinement of the optical field within the core of indexlguiding PCFs allows for strong non-linear effects as described above. One of the most intensively studied of these is the supercontinuum generation". A short intense pulse generates a wide spectrum of wavelengths, which can be used in optical coherence tomography2', spectro~copy~~ and metrology3'.
Supercontinua covering several hundred nanometers as well as multi-Watt output have been demonstrated3'.
Endlessly single mode operation The endlessly single mode guidance seen in certain PCFs as described above is advantageous for spectroscopy applications, where light in a very broad range of wavelengths probes the sample. Another manifestation of the endlessly single mode guidance is the large mode areas that can be obtained, while still operating in single mode'. The scalability of the PCF ensures that the number of modes is determined by the d A ratio rather than the core size. PCFs with large mode areas, such as the one illustrated in Fig. la , can hence deliver single-mode high power beams, while generating only insignificant nonlinear effects.
Hvbrid uhotonic crvstal fibers.
Another favorable property of PCFs is the possibility of fabricating hybrid components with materials like polymers or high index fluids in the air holes of the fiber3'. Abramov er obtained a wide tuning range of a long-period grating by filling a polymer with a highly temperature dependent refractive index into the air holes of the fiber. The *' P.M. Blanchard et al., 'Two-dimensional bend sensing with a single, multi-core optical fibre", Smart Materials and Structures, vo1.9, no. 2, pp. 132-140, 2000. 28 I Hart1 at al., "Ultrahigh-resolution optical coherence tomography using continuum generation in an airsilica microstructure optical fiber", Opt. Lett., vol 26, nr. 9, pp. 608-610, 2001 . 29 V. Nagarajan et al., "A compact versatile femtosecond spectrometer", Rew. Sci. Instrum., vol. 73, no. 12, pp. 4145-4149,2002. 30 S.A. Diddams et al., "A compact femtosecond-laser-based optical clockwork", in Las. Freq. Stab., Stand., Meas., and Appl., Proc. of SPIE, vol. 4269, pp. 77-83.2001. 31 P.A. Champert et al., "Generation of multiwatt, broadband continua in holey fibers", Opt. Lett., vol. 27, no. 2, pp.122-124.2002. 32 C. Kerbage et al., "Microstmctured optical fibers for integrated tunability of photonic devices", Opt. & Phot. News, vol. 13, no 9, pp. 38-42, 2002. resonance wavelength, hclad,i, of the coupling between the LPol.mode and the i" cladding modes changes according to . .
Here ncoE and nclad,i are the effective refractive indices of the 'core mode and the i'th cladding mode, respectively, Tis the temperature, and ,A is the periodicity of the grating.
Due to the temperature dependence of the refractive index of the polymer, the'effective refractive index of the cladding modes and hence the resonance wavelength changes significantly with temperature. The sensitivity towards changes in the temperature was 74nm/1OOoC, which is superior to the changes obtained in the fiber without the polymer in the holes (3nd100T) and LPG temperature sensors based on conventional solid f i h e r~'~. The strong sensitivity of the resonance wavelength towards changes .in. the temperature can evidently he utilized to realize a highly sensitive fiber based temperature sensor.
Atom guides
It is possible to guide atoms through a PCF by generating a magnetic field from driving a current through wires placed in adjacent air holes34. Single atom guidance will open up for a range of highly sensitive sensors for measuring physical quantities, which influence the motion of the atom. Examples of potential applications are gravitational, rotational and magnetic field sensors.
PBG fiber based sensors.
The majority of the sensor applications of PCFs reported in the hitermre is b a e d on index-guiding fibers. A significant advantage of PBG fibers for sensor applications is the possibility of guiding light in hollow cores filled with a gas or aqueous solutions of molecules. In a carefully designed PBG, the majority of the mode field is guided in the sample volume, thus providing a strong interaction between light and molecules. A PBG fiber based device for absorption measurements can evidently provide a strong , interaction over several tens of centimeters, while using only a few micro liters of sample volume. The index-guiding PCF also has a significant interaction between the guided light and molecules present in the air holes, but is it only the evanescent field, which penetrates into the holes. With the improved guiding properties and quality of the commercially available PBG fibers, it is expected that the number of PBG fiber based sensors will increase in the near future.
Conclusion
In conclusion, we have described some of the improved or novel optical properties provided by photonic crystal fibers and summarized their applications within sensors. The distribution and size of the air holes determine the optical properties, thus allowing the production of fibers with a wide range of attractive properties such as endlessly single-mode guidance, large mode area, high numerical aperture, controllable dispersion, photonic band gap guidance as well as multiple-core fibers. Several applications of these properties within sensors are mentioned. A characteristic feature of photonic crystal fibers, which makes these particular interesting for sensor applications is the close proximity of samples positioned in the air holes and light guided through the fiber.
Sensors based on evanescent-wave sensing in index-guiding PCFs has already been realized and it is expected that with the improved skills of the manufacturers, sensors based on photonic band gap fibers will emerge soon.
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